N86 - 27207 

AN OVERVIEW OF THE FUNDAMENTAL AERODYNAMICS BRANCH'S RESEARCH ACTIVITIES 
IN MING LEADING-EDGE VORTEX FLOWS AT SUPERSONIC SPEEDS 


David S. Miller, Richard M. Wood, and Peter F. Covel 1 

NASA Langley Research Center 

Hampton, Virginia 


SUMMARY 

For the past 3 years, a research program pertaining to the study of wing 
leading-edge vortices at supersonic speeds has been conducted in the Funda- 
mental Aerodynamics Branch of the High-Speed Aerodynamics Division at the 
Langley Research Center. The purpose of the research is to provide an under- 
standing of the factors governing the formation and the control of wing 
leading-edge vortices and to evaluate the use of these vortices for improving 
supersonic aerodynamic performance. The studies include both experimental and 
theoretical investigations and focus primarily on planform, thickness and 
camber effects for delta wings. This paper will present an overview of this 
research activity. 


INTRODUCTION 

During the last 20 years, aerodynami cists have attempted to design air- 
craft wings for efficient supersonic flight using attached-flow concepts. For 
cruise levels of lift, linearized- theory wing-design methods (refs. 1 and 2) 
have successfully produced optimum twisted and cambered wings. Because of the 
early success of these methods, the methods have been continuously modified 
and refined to include the effects of component-on-wing interference (ref. 3), 
real-flow constraints (ref. 4), and attainable leading-edge thrust (ref. 5). 
Example applications of this low level -of-li ft wing-design technology can be 
found in references 6 through 8. 

For maneuver levels of lift at supersonic speeds, basically two approaches 
are available for the design of wings. One approach is to provide an 
attached-flow, controlled expansion around the wing leading edge and on the 
upper surface (refs. 9 and 10). This attached-flow approach for producing 
efficient high lift depends on the ability to accelerate the flow around the 
leading edge to supercritical conditions on the upper surface and then decel- 
erate the flow without causing separation or producing strong shocks. This 
concept has been experimentally verified, and a summary of the investigation 
is given in reference 11. The second approach for obtaining efficient high- 
lift wings uses a controlled, separated, leading-edge vortex flow which not 
only produces vortex lift, but when the vortex is properly located on a 
deflected leading-edge, also produces significant levels of effective leading- 
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edge thrust. Investigations at subsonic and transonic speeds (refs. 12 to 
16) of the fundamental vortex behavior on the leeward surface of wings have 
led to the design of several unique and novel leading-edge devices (refs. 17 
to 21) commonly referred to as "vortex flaps." Also, to aid in the design of 
vortex flaps, several computer codes (refs. 22 to 24) with varying degrees of 
complexity are being developed to predict vortex location, strength, and 
effect on the wing. As summarized in reference 25, the development of this 
new wing-design technology has been extensive but has been confined mainly to 
subsonic and transonic flows. 

In 1982, a research effort was begun to explore the fundamental character- 
istics of wing leading-edge vortex flows at supersonic speeds. A review of 
the literature indicated that various aspects of the problem had been pre- 
viously explored; however, there did not exist a complete and systematic set 
of experimental data from which one could determine the most basic effects 
such as Mach number, planform, thickness and camber. To provide this inform- 
ation, an experimental program was formulated first and closely followed by a 
complementary theoretical effort. This paper will present an overview of the 
experimental and theoretical programs. Following the overview, a discussion 
of aerodynamic performance is presented. In this discussion, a comparison is 
made between wings designed for optimum camber, wings with conventional 
leading-edge flaps, and wings with conical vortex flaps. 

NOMENCLATURE 

Cp drag coefficient 

ACp incremental change in drag coefficient from the minimum drag of a 
flat wing 

lift coefficient 

C w vortex induced normal -force coefficient 

”v 

Cp pressure coefficient 

C n vacuum pressure coefficient 

L model length 

M Mach number 

M|^ component of Mach number normal to wing leading edge = 

M cos A (1 + sin 2 a tan 2 A) 1 ' 2 

X longitudinal distance measured from model origin 
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Y 


spanwi se distance measured from model centerline 
Y max maximum spanwi se model dimension 

a angle of attack, deg 

a^j angle of attack normal to wing leading edge = tan _1 (tan a/cos A) 

3 M 2 - 1 and angle of yaw, deg 

6^ leading-edge-flap deflection angle measured streamwise, deg 

A wing leading-edge-sweep angle, deg 

n fraction of local wing semi span 

DISCUSSION 

An experimental -theoretical research effort is under way to investigate 
the fundamental characteristics of wing leading-edge vortex flows at 
supersonic speeds. In order to present a complete overview of the program, 
both completed, ongoing and planned investigations will be included in the 
following discussion. 

Experimental Program 

The primary objective of the experimental program is to obtain a complete 
and consistent set of data necessary to determine the effects of wing plan- 
form, thickness and camber on the characteristics of wing leading-edge vortex 
flows. To obtain a consistent set of data for the entire program, an effort 
was made to keep the wing planforms, flow conditions and types of data consis- 
tent throughout. The specific ingredients for consistency were established in 
the planform investigation which was the first part of the experimental 
research program. 

Wing planform Investigation . - Shown in figure 1 are planform sketches of 
the 4 wind tunnel models selected for testing. The models had leading-edge- 
sweep values ranging from 52.5° to 75°. In this initial test, it was 
desirable to minimize the effect of airfoil shape and thickness; therefore, 
the leading edge was made sharp (10° angle normal to leading edge located on 
lower surface) and the upper surface was made flat. Each model had a span of 
12 in. and a spanwi se row of 19 evenly spaced pressure orifices located 
approximately 1 in. forward of the trailing edge. 

Previous experimental tests employed only a single type of flow- 

visualization data with or without pressure data to explain the vortex pheno- 
mena., However, as shown in figure 2, these experimental pressure data were 
obtained along with three types of flow-visualization data. As shown at the 
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top of the figure, both tuft and oil -flow photographs were used to examine the 
flow characteristics on the model surface. These two techniques give slightly 
different types of information. Both methods are used to determine surface 
flow direction by the alignment of the tufts or the streaking of the oil; 
however, the tufts tend to reflect the velocity direction at the edge of the 
boundary layer, and the direction of oil streaking is influenced not only by 
the surface velocity but also by the pressure distribution. 

Only the vapor-screen flow-visualization technique provides flow-field 
information on the size, shape, and location of the vortex as shown in the 
lower right side of figure 2. The dark areas in the photographs are regions 
having less vapor than the light areas and thus, the dark areas correspond to 
the highly rotational vortex-flow regions in which the vapor particles have 
been displaced. Examples and discussion of these various types of data and 
their relationship with leading-edge vortex behavior are given in reference 
26. Each model was tested at Mach numbers of 1.7, 2.0, 2.4 and 2.8 for angles 
of attack ranging from 0° to 20°. 

In a previous study, Stanbrook and Squire (ref. 27) suggested that the 
flow conditions normal to the leading edge, specifically normal angle of 
attack (O and normal Mach number (M N ), govern the type of flow which 
exists. Stanbrook and Squire initially reported that near H N = 1 a boundary 
existed dividing the flow into two distinct regions: for M^ < 1 the flow was 

characterized by a leading edge, separated, rolled-up vortex- type flow and for 
M^ > 1 the flow was characterized by an attached flow with possible shock- 
induced separation. The classification into just two types of flow provided 
by the Stanbrook-Squire boundary was revised by Ganzer, Hoder and Szodruch 
(ref. 28); however, this latter effort was based on a single leading-edge- 
sweep angle of 73° and flow conditions of M^ > 1. A complete review of this 

work was presented by Szodruch and Peake (ref. 29). In the present planform 
study, four leading-edge-sweep values were used to examine the type of flow 
for conditions which lie above and below the M N = 1 Stanbrook-Squire boundary. 

Using primarily vapor-screen information, the types of flow observed in 
this test were divided into the seven categories as shown in figure 3. A 
detailed discussion of each of these flow types can be found in reference 
26. In figure 4, all of the test data are summarized according to one of the 
seven flow types. The - M^ space is clearly divided into regions where the 
flow type is indicated by the vapor-screen sketch placed in each region. As 
an added feature to provide additional information, the open symbols identify 
flows with shocks; the closed symbols identify shockless flows; the circular 
symbols identify flows with primary and secondary vortices; the square symbols 
identify flows containing separation bubbles; the diamond symbols identify 
flows with shock induced separation; and the triangle symbols identify flows 
with no separation. As shown by the solid triangles in the figure, the only 
flow conditions which produced shockless attached flows were angles of attack 
of zero ( ot^ = 0); however, this occurs only because the next smallest angle of 
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attack in the test matrix was 4°. Because the two most effective types of 
separated' flow being considered for aerodynamic performance enhancements are 
the shockless bubble and shockless vortex, it is interesting to note that 
these two types of flow occupy the majority of the region for less than 
unity. Also above 20° normal angle of attack, the upper boundary of the 
region decreases towards = 0 with increasing a^. 

wina. thickness investigation. - The experimental wing planform investi- 
gation was conducted with wind tunnel wing models designed to minimize the 
effects of airfoil shape and thickness; i.e., the leeward wing surface under 
investigation was made flat. However, calculated Euler code results, obtained 
by the method described in reference 30, are shown in figure 5 and indicate 
that the estimated effects of thickness can be significant. Mach number 
contours are shown for two delta wings each having 70° leading-edge-sweep 
angle but with different airfoil sections. One wing has a zero-thick airfoil 
section to represent a flat wing and the other wing has a 7-percent- thick 
circular-arc airfoil section. Although the calculations for both wings were 
made at exactly the same flow conditions of M = 2.5 and a = 18°, the Mach 
number contours indicate that the types of flow were completely different. 

The flow over the leeside of the zero- thick wing is characterized by a well- 
developed leading-edge vortex with a shock located on top of the vortex; the 
zero- thick wing flow conditions correspond to M N = 1.13 and = 44° and, as 
shown in the a N - M^ graphic, agree with the type of flow experimentally 
observed in the flat-wing planform study previously discussed. In contrast, 
flow over the leeside of the 7-percent circular-arc thick wing is char- 
acterized by a cross-flow shock with no signs of separation of any type. As 
indicated in figure 4, this type of flow would be expected to occur at a value 
of M n greater than unity and a value of less than 12°. Because the wing 
leading-edge local angle of attack is continuously varying along the span due 
to the nonconi cal geometry, it is not clear how to calculate the and M N 
values in order to apply the flow classification chart of figure 4.' For this 
particular thick-wing example, reducing the wing angle of attack of 18° by 8° 
(which corresponds to one-half the value of the total thickness angle of the 
7-percent parabolic arc at the leading edge) resulted in a = 27° and a M^ = 
0.95 as shown for the thick wing location on the - M^ chart in figure 5. 
This location corresponds to the boundary of several regions which all should 
have some type of separated flow. Obviously additional information is needed 
to understand the effects of thickness on the leeside-flow characteristics. 

To provide a set of thick-wing data to compare with the flat-wing data, a 
set of eight wind tunnel wing models has been constructed. The models have 
delta planforms identical to the flat wings with leading-edge sweep angles of 
52.5°, 60°, 67.5° and 75°. One set of models has 7-percent-thick circular-arc 
airfoil section and the other set of models has 7-percent-thick diamond 
airfoil sections (see fig. 6). Although both wing sets have the same thick- 
ness-to-chord ratio of 7 percent, their leading-edge thickness angles are 
considerably different. The circular-arc airfoil has a leading-edge thickness 
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half angle of approximately 8° and the diamond airfoil has a leading-edge 
thickness half angle of 4°. The test plans include oil flow, tuft and vapor 
screen flow-visual Ization data which will he correlated with the flat-wing 
flow- visualization data to identify thickness effects. 

Mi tig-camber i n v esti gati on . - The purpose of the wing-camber study was to 

experimentally determine the effects of wing leading-edge camber on both the 
aerodynamic forces and moments as well as the wing's leeside flow character- 
istics. The camber was represented by a deflected leading-edge flap on an 
otherwise uncambered wing having a flat upper surface. Two sets of delta-wing 
models were constructed. One set had a leading-edge-sweep angle of 67.5°, and 
the other set had a leading-edge-sweep angle of 75°. Each set had a leading- 
edge flap with its hinge line located at 70 percent of the local span; the 
leading-edge flap could be deflected down 0°, 5°, 10° or 15°. The flap 
deflection angle is measured streamwise. As shown in the photograph of figure 
7, the models have a minimum-body balance housing which is conical back to 
approximately two-thirds of the model length at which point the body balance 
housing becomes cylindrical. As a result of this design, all model config- 
urations tested had conical leeside surface geometries forward of the cylin- 
drical portion of the body balance housing. For each of the two sets of 
wings, a removable fuselage forebody was constructed so that data could be 
obtained with and without fuselage forebody effects. The fuselage forebodies 
extended approximately 5 in. beyond the wing apex and had a fineness-ratio 2.5 
circular-arc nose and a 2.0-in. -diameter cylindrical circular aft section. 

Testing of the A = 75° wing with the fuselage forebody removed has been 
completed. Data were obtained for the same flow conditions as those of the 
planform study, i.e. Mach numbers from 1.5 to 2.8 and angles of attack from 0° 

to 20°. Figure 8 illustrates the behavior of the leeside flow characteristics 

at M = 1.7. Similar behavior was observed at the other Mach numbers. For the 

range of flap-deflection angles (6^) and angles of attack (a) tested, three 
distinctly different flow types were observed. The flow type is characterized 
by the existence, origin and location of the vortex and is denoted by the 
sketches on the figure. The sketch indicates the character of both the vortex 
and the associated surface pressure distribution. The shaded region corre- 
sponds to the situation in which the vortex originates at the wing leading 
edge and its primary influence is confined to the leading-edge flap; this is 
the ideal situation for the operation of a vortex flap. For angles of attack 
between 0° and 10°, the shaded region has both upper and lower boundaries. 

For a given angle of attack, the upper boundary denotes the flap-deflection 
angle above which the flow is attached on the flap but separates at the hinge 
line. For a given flap-deflection angle, the lower boundary denotes the angle 
of attack above which the vortex is no longer confined to the leading-edge 
flap but extends beyond the hinge line. There also exists a point where the 
upper and lower boundaries of the shaded region intersect. This point defines 
the maximum flap-deflection angle at which the leading-edge flap could be made 
to act as a vortex flap. It remains to be seen hov/ the force and moment data 
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correlate with the leeside flow characteristics. 

Because a definite interaction was observed between the hinge-line vortex 
and the leading-edge vortex, an experimental study of hinge-line separation is 
planned. As illustrated in figure 9, the hinge-line study will involve the 
testing of three hinge-line models mounted on a splitter plate. The models 
will have different leading-edge-sweep angles of 0% 50°, and 70° and leading- 
edge flap deflection angles ranging from 0° to 40°. Each model will be 
instrumented so that pressure distributions can be measured both streamwise 
and normal to the hinge line. As indicated in the figure, flow field 
pressures will be measured using a flow survey pressure probe. 

Theoretical Program 

The objective of the theoretical program was to explore the use of compu- 
tational methods for predicting the leading-edge vortex characteristics of 
wings at supersonic speeds. Two methods were examined. A modified 
linearized- theory method was found to adequately predict the flow character- 
istics of flat wings but was not adequate for predicting the flow over 
cambered wings. An Euler solution technique was found to adequately predict 
the general characteristics of both flat and cambered wings. The following 
discussion will briefly describe each method and highlight results obtained 
with each method. 

Modified linearized- theory method . - A supersonic linearized-theory aero- 
dynamic prediction method has been modified to account for both nonlinear 
attached-flow effects (primarily a windward surface phenomena) and nonlinear 
separated-flow effected (primarily a leeward surface phenomena) (ref. 31). 

The leading-edge separated flow is represented by a technique which uses the 
Polhamus suction analogy (ref. 32) to determine the leading-edge vortex- 
induced force and then modifies the upper surface attached-flow pressures to 
distribute this additional force over the wing upper surface. The vortex- 
induced force is distributed about a "vortex action point" located downstream 
of the wing leading edge. The location of the vortex action point is 
determined from an empirical relationship that is a function of angle of 
attack only. The method also limits the leeward surface pressures to values 
greater than those corresponding to vacuum conditions. 

The ability of this modified linearized-theory method to predict wing 
vortex characteristics was evaluated for the series of flat delta wings used 
in the previously discussed experimental planform investigation. A detailed 
discussion of this evaluation is given in reference 26, and typical results 
are presented in figure 10. The results shown in the figure are for an 
uncambered delta wing with 75° of leading-edge sweep; the Mach numbers and 
angle of attack correspond to conditions which lie within the classical vortex 
region depicted in the upper portion of the figure. The vortex-induced 
normal -force coefficient, C N , represents the vortex strength and the spanwise 
surface pressure distribution indicates both vortex strength and location. As 
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shown across the bottom of the figure, the agreement between theoretical and 
experimental results is sufficient for preliminary design applications of the 
modified linearized- theory method. 

The method was next evaluated for wings with deflected leading-edge 
flaps. At the time of this evaluation, the experimental data had not been 

obtained on the conical wing-flap models described in the "Wing Camber 
Investigation" section of this paper; however, data from references 33 and 34 
were sufficient to evaluate the method. A comparison of theoretical and 
experimental forces and surface pressures can be made from the results shown 
in figure 11. Although the pressure results were obtained at slightly 
different conditions than the force data, the flow characteristics which 
produced the force data at » 0.3 closely correspond to the flow character- 
istics of the pressure distribution shown in the figure. Discrepancies 
between the experimental data and the computed results are found in both the 
drag polar and pressure distributions. The theoretical drag polars indicate 
that for values of lift-coefficient above 0.2 the wing with the 16° flap 
deflection produces less drag than the wing with zero flap deflection; 
however, the experimental data show that deflecting the leading-edge flap 16° 
resulted in a drag increase with respect to the wing with zero-flap 
deflection. An explanation for this discrepancy is clearly shown in the 
spanwise pressure distributions. The theoretical spanwise pressure distri- 
bution shows the presence of a small vortex its induced pressure acting on the 
leading-edge flap; theoretically this is the ideal situation for achieving 
performance benefits employing a vortex flap. However, the experimental 
pressures indicate both a small leading-edge vortex and a much larger hinge- 
line vortex. Because the hinge-line vortex induced pressures dominate and lie 
on the undeflected flat surface inboard of the hinge line, no drag reduction 
would be realized as a result of deflecting the leading-edge flap 16°. 

From this discussion it is clear that the modi fied-lineari zed theory 
method is not capable of analyzing the flow over sharp leading-edge wings 
having deflected leading-edge flaps. 


Euler code method . - Because the modi fied-lineari zed method failed to 
predict the leeside flow over delta wings with deflected leading-edge flaps, 
it was decided to explore the use of more complex codes such as Navier-Stokes 
and Euler codes. A number of researchers have applied Navier-Stokes codes and 
Euler codes to the calculation of wing leading-edge- vortex flows at supersonic 
speeds; and both methods have produced encouraging results for the flow over 
flat, uncambered wings (ref. 35). The Navier-Stokes equations model both the 
viscous and inviscid mechanisms and would be expected to provide the most 
accurate results. However, because Navier-Stokes methods have very high 
computational costs and because Euler methods have been shown to produce the 
general characteristics of vortex flows, it was decided to look first at the 
capabilities of Euler codes. In selecting a particular Euler code the choice 
ranged from large, complex 3-D, well -developed codes to a small, simple 2-D 
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conical code under development for the specific purpose of calculating wing 
leading-edge vortex flows. A code of the latter type* specifically the 
conical Euler code by Perez and Powell et al. (refs. 36 and 37) , was selected 
because of the code developers' expressed interest in this particular problem. 

A complete description of the code has been reported previously in 

reference 38 and only a brief description is presented herein. The basic 
solution technique employs a finite volume spatial discretization of the 
unsteady Euler equations in conservation form which is solved using a Runge- 
Kutta type method as discussed in reference 39. The bow shock is fitted, and 
both second and forth order damping are employed to capture internal shocks 
and yield smooth solutions. The grid is generated using a Joukowski trans- 
formation in which the zero-thick wing surface becomes a circle. For all 
calculations shown, the grid density consisted of 128 radial lines in the half 
plane and 128 points on each radial line. The wing is represented by zero- 
thick impermeable surface. 

To compare with the Euler code solutions, eight cases were selected from 
the data obtained in the experimental program. The cases were selected to 
provide a large variety of wing leeside flow characteristics. In all eight 
cases, the geometry was a delta wing with 75° of leading-edge sweep. Four of 
the cases compare results for a flat wing, and four of the cases compare 
results for a wing with a deflected leading-edge flap. 

The comparisons between experiment and theory include both flow-field and 
surface data. The calculated flow-field data consist of plots of the cross- 
flow velocity vectors and the measured flow-field data consist of vapor screen 
photographs. The flow-field data are presented in a plane perpendicular to 
the free-stream velocity vector. The calculated and measured surface data 
consist of spanwise pressure distributions. 

Experimental and theoretical results for a flat wing at 12° angle of 
attack are shown in figures 12 and 13 for Mach numbers of 1.7 and 2.8, respec- 
tively. At both Mach numbers, the experimental and theoretical flow-field 
data show leading-edge separation which results in a well -developed primary 
vortex located above the leeside surface of the wing. The most notable 
difference between the theoretical and experimental results is the absence of 
the secondary vortex in the Euler results. This is found for all cases 
because the secondary vortex is a viscous phenomena which cannot be predicted 
by an inviscid Euler code. Otherwise, the agreement between the experimental 
and theoretical results is very good. Both results indicate the flattening 
and inboard movement of the primary vortex as Mach number is increased from 
1.7 to 2.8. At Mach numbers of 1.7, the experimental and theoretical spanwise 
pressure distributions are in good agreement except for the influence of the 
secondary vortex. The experimental pressures show two pressure peaks, one 
near 60-percent span and another near 85-percent span; the theoretical 
pressure distributions show a single slightly higher pressure peak located at 
approximately the 70-percent span station. Although the higher Mach number 
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2.8 results of figure 12 still contain a secondary vortex, there is little or 
no influence of this secondary vortex on the surface pressure distribution. 
This observation seems to be typical, and it can be generally stated that 
effect of the secondary vortex on the wing upper surface pressures diminishes 

with increasing Mach number. 

Results for a flat wing at 12° angle of attack and at 8° angle of yaw are 
shown in figures 14 and 15 for Mach numbers of 1.7 and 2.8, respectively. As 
seen in the figures, flow-field and surface-pressure data are shown for both 
the left side (y/y max negative) and the right side (y/y max positive) of the 
wing. For this yawed orientation, the left side of the wing has a windward 
leading edge and the right side has a leeward leading edge. Because vapor- 
screen photographs were not taken for the yawed wings, the only flow-field 
data shown are plots of the theoretically computed crossflow velocity 
vectors. In both figures 14 and 15, the asymmetry of the flow due to yaw is 
clearly shown in both the flow field and surface pressure data. For the low 
Mach number of 1.7, the cross-flow velocity contours show that leading-edge 
separation occurs on both the windward and leeward edges. The windward-edge 
separation develops into a separation bubble: which lies close to the wing 
surface and the leeward-edge separation develops into a classical vortex. 

These two considerably different flow types result in different surface 
pressure distributions shown at the bottom of figure 14. The separation 
bubble results in a more negative pressure extending over a larger portion of 
the wing span as compared to the pressures resulting from the classical 
vortex. In figure 15, the higher Mach number 2.8 results indicate that the 
flow is attached on the windward edge and separated on the leeward edge. The 
attached flow produces a plateau-type pressure distribution over the outboard 
75 percent of the left wing span; the pressure distribution on the right-wing 
span is typical of that produced by a classical vortex. For both Mach 
numbers, the Euler-code predicted pressures are in excellent agreement with 
the measured pressures. 

Results from the experimental conical -wing-flap study indicated that four 
types of flow were observed to occur. The type of flow depends on the angle 
of attack and the wing leading-edge flap angle. To evaluate the ability of 
Euler code to predict the flow over the wings with deflected leading-edge 
flaps, four combinations of a and were selected to correspond to each of 
the four observed types of flow. These four a-6^ combinations are shown in 
figure 16 and are labeled as points A, B, C, and D. The flow-field results 
and surface pressure distributions corresponding to points A, B, C, and D are 
shown in figures 17 to 20 respectively. 

In figure 17, results are shown for a = 4° and 6. = 5°. According to the 
location of this condition on figure 16 (point A), tne flow should be charac- 
terized by a classical leading-edge vortex. The experimental pressure distri- 
bution does indeed show a lower pressure region on the upper surface of the 
leading-edge flap, which could result from the presence of a weak vortex. 
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However, the experimental flow-field data do not show a vortex; this indicates 
that the vapor screen techniques may not be sensitive enough to detect weak 
vortex conditions or that condensation effects may have altered the flow 
conditions to delay vortex formation. Note also that neither the theoretical 

pressure distribution nor the theoretical flow-field data exhibit signs of a 
leading-edge vortex. These conflicting observations indicate that the char- 
acteristics of a weak vortex are very sensitive to the flow conditions. 

In figure 18, results are shown for a = 12° and 6^ = 5°. These results 
correspond to point B in figure 16. The experimental and theoretical results 
clearly show a primary vortex which originates at the wing leading edge and 
extends well inboard of the flap hinge line. The experimental and theoretical 
pressures are in good agreement and both reflect the presence of the primary 
vortex. The theoretical flow-field data unexpectedly indicate the presence of 
a secondary separation region lying on the leading-edge flap; this secondary 
separation is produced as the outboard flow passing under the primary vortex 
encounters the hinge line and separates. Although not clearly shown in the 
experimental flow-field data, both the experimental and theoretical pressure 
distributions exhibit the signs of this secondary separation. 

Results for a = 4° and <5^ = 15° are shown in figure 19; these results 
correspond to point C on figure 16. The theoretical flow-field data show that 
a large flap deflection and small angle of attack produce two primary 
vortices. One of these vortices originates from the leading edge and lies on 
the lower surface of the leading-edge flap; this lower surface vortex cannot 
be seen in the experimental flow-field data because the light source is 
blocked by the leading-edge flap. The other primary vortex is produced when 
the attached flow on the flap upper surface separates at the flap hinge-line; 
this vortex lies inboard of the flap hinge line and is clearly visible in both 
the experimental and theoretical flow-field data. Although the vortex-induced 
pressures on the leeward wing surface are theoretically predicted slightly 
lower than those experimentally measured, the general agreement between theory 
and experiment is very good. The theoretically predicted pressure distri- 
bution shows the strong influence of the windward primary vortex as a reduced 
pressure region on the windward (lower) wing-flap surface; unfortunately, 
lower surface pressures were not measured and a comparison between experi- 
mental and theoretical pressures could not be made. 

The fourth and final set of cambered delta-wing results are shown in 
figure 20. These results correspond to a = 12° and 6^ = 15° which is point D 
on figure 16. Both the experimental and the theoretical results indicate 
similar leeside flow characteristics. Both show leading-edge separation and 
hinge-line separation which result in two regions of vortex- type flow. The 
leading-edge vortex results in the most outboard suction pressure peak and the 
hinge-line vortex results in the largest suction pressure peak located 
slightly inboard of the hinge line. The major difference between the experi- 
mental and theoretical results is the extent of the leading-edge vortex. The 



experimental results show a separation-bubble type vortex flow which extends 
over the entire length of the flap and produces the plateau type pressure 
distributions shown in the figure. The theoretical results also show a 
separation-bubble type vortex flow which begins at the wing leading edge and 
reattaches on the flap at approximately half way between the leading edge and 
the hinge line: in the theoretical distribution this flow reattachment 
produces the compression region between the two suction pressure peaks. 

Aerodynamic Performance 

In this section, the measured aerodynamic performance for a conical 
vortex-flap wing and the performance of a conventional attached-flow leading- 
edge flap wing are presented. These performance results are compared with 
each other and with a "practical performance goal" established from data 
measured on a series of optimum twisted and cambered wings. 

Aerodynamic performance results for a vortex-flap wing are presented in 
figure 21. These results were obtained at M = 1.7 on the A = 75° delta wing 
with leading-edge flaps deflected 0°, 5°, 10° and 15°. Experimental values of 
drag-due-to-lift parameter are presented as a function of lift coefficient. 

For reference purposes, the 1 inearized-theory 0-percent thrust and 100-percent 
thrust boundaries are also shown; these boundaries do not vary with lift 
coefficient. The data show that significant drag reductions can be achieved 
at supersonic speeds by the management of wing leading-edge vortices. 

Compared to the 5° flap-deflection data, which did not experience hinge-line 
separation, the data for the 10° and 15° leading-edge flap deflection show a 
loss in performance due to hinge-line separation. However, all flap 
deflections resulted in a drag reduction compared to the flat wing. 

Aerodynamic performance results for a wing using a conventional attached- 
flow leading-edge flap were extracted from data obtained in the experimental 
study (ref. 40) depicted in figure 22. As indicated in the figure, the study 
involved testing four sets of flap planforms on a trapezoidal wing and two 
sets of flap planforms on a cranked wing. Both wings had aspect ratios of 
1.75 and were mounted on a generic fuselage as shown in the photograph of 
figure 22. All leading-edge flap geometries were effective in reducing the 
flat-wing drag; however, the largest drag reductions were produced by the 
combination of flap A on the cranked wing. For this wing-flap combinations, 
experimental values of the drag-due-to-lift factor versus lift coefficient are 
shown in the lower left portion of the figure for flap deflection angles of 
0°, 5° and 10°. The 1 inearized-theory 0-percent thrust and 100-percent thrust 
boundaries are also shown. These data indicate that the lowest drag-due-to- 
lift is produced by scheduling the flap deflection angle with lift 
coefficient. As shown in the figure, the proper schedule would be <5^ = 0° for 
lift coefficients below 0.1; = 5° for lift coefficients between 0.1 and 

0.4; and <5^ = 10° for lift coefficients above 0.4. This flap schedule and the 
drag-due-to-lift data shown in figure 22 were used to develop the curve for 
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the performance summary representing conventional attached-flow leading-edge 
fl aps. 

A comparison of the aerodynamic performance of the vortex-flap wing and 
the attached-flow flap wing can be made from the data which are summarized in 
figure 23, In this figure, the aerodynamic performance is expressed as a 

percent of full, theoretical, leading-edge thrust and is presented as a 
function of lift coefficient. 

For reference purposes, a practical -goal curve was established from 
experimental data measured on several twisted and cambered wings where each 
wing camber was optimized for a specific lift coefficient. For example, the 
data used to generate the portion of the practical -goal curve for lift 
coefficients from 0.0 to 0.2 were taken from the cruise cambered-wing designs 
reported in reference 41, and the data used to establish the performance level 
for the 0.4 value of lift coefficient were taken from the high-lift wing 
designs reported in references 42 and 43. 

The information contained in figure 23 represents the state of the art in 
experimentally measured supersonic aerodynamic performance. At low levels of 
lift (C L ® 0.1), the results indicate that the practical goal of near 100- 
percent thrust has been obtained with both traditional leading-edge flaps and 
vortex leading-edge flaps. However, at high-lift conditions (C L « 0.4), the 
practical goal, which is reduced to approximately 60 percent thrust, has not 
been obtained by either of the flap concepts. At this high-lift condition, 
the traditional leading-edge flap produces less than 25-percent thrust and the 
data of reference 40 indicate that this is probably the best that can be 
obtained using the attached-flow flap concept. However, the conical vortex 
flap produces approximately 40-percent thrust and it is anticipated that the 
use of other nonconi cal flap geometries along with eliminating the hinge-line 
separation would increase the performance considerably. 

CONCLUDING REMARKS 

This paper presents an overview of a research program directed at the 
study of wing leading-edge vortices at supersonic speeds. The studies include 
both experimental and theoretical investigations and focus primarily on deter- 
mining planform, thickness and camber effects for delta wings. The effects of 
planform and leading-edge camber have been experimentally determined, and an 
experimental study to identify thickness effects has been initiated. Theoret- 
ical studies have shown that a modified linearized- theory method, which was 
capable of predicting the planform effects for flat wings, was not adequate 
for predicting leading-edge camber effects. Preliminary results obtained with 
an Euler code have been shown to contain the correct primary-vortex character- 
istics for delta wings of various planforms and with various amounts of 
leading-edge camber. 
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In a summary of measured aerodynamic performance for high-lift conditions, 
wings with leading-edge vortex flaps were shown to have a considerably higher 
level of performance {40-percent thrust) than wings employing conventional 
attached-flow leading-edge flaps (25-percent thrust). However, the 

performance levels achieved with vortex flaps were considerably less than the 
performance levels experimentally established as a practical goal (60 percent 

thrust) . 
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PRESSURE ORIFICE 


Figure 1. Planforms of flat delta-wing models 
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Experimental and Euler code results for wing flap at M 
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Figure 19. Experimental and Euler code results for wing flap at M 
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Supersonic performance summary. 
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